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Edited by Ned ManteiAbstract Notch signaling has an evolutionarily conserved func-
tion for cell fate determination and stem cell maintenance. Pre-
viously, we identiﬁed a novel component of the Notch signaling
pathway in zebraﬁsh, mind bomb, which encodes an E3 ubiquitin
ligase essential for Notch signal activation. Further studies
showed that Mind bomb/ mouse embryos exhibited pan-Notch
phenotypes in various tissues, suggesting that Mind bomb func-
tion is conserved in mammals. Therefore we sought to under-
stand the various molecular partners of Mind bomb using yeast
two-hybrid screening. In this search we identiﬁed Sorting nexin
5 (Snx5) as a novel interacting partner of Mind bomb. Further-
more we demonstrated that Snx5 colocalizes with Mind bomb in
early endosomal compartments, suggesting that Snx5 is impor-
tant for Mind bomb traﬃcking. In addition, we identiﬁed zebra-
ﬁsh orthologue of Snx5 and showed that snx5 is predominantly
expressed in hematopoietic and endothelial precursor cells in zeb-
raﬁsh. We also found defects in hematopoiesis and blood vessel
development in snx5 morpholino-injected embryos. Taken to-
gether, we show that Snx5, a novel interacting partner of Mind
bomb, may have an essential role for cell fate determination in
early development.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Zebraﬁsh1. Introduction
Notch signaling is an evolutionarily conserved mechanism
that is used in metazoans. This signaling mechanism controls
an extraordinarily broad spectrum of cell fates and develop-
mental processes through local cell–cell interactions [1]. De-
fects in Notch signaling have been implicated in a wide
variety of developmental defects and often lead to cancer in
mammals [2,3].
Both the Notch receptors and their ligands, Delta/Jagged,
are single-pass type I transmembrane glycoproteins, which
function on opposing cellular membrane for interactions.
Notch signaling is initiated when the extracellular domain ofAbbreviations: Mib, mind bomb; Snx5, sorting nexin 5; EEA1, early
endosome antigen 1; HEK, human embryonic kidney; hpf, hours
postfertilization
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doi:10.1016/j.febslet.2006.07.009the ligand interacts with the receptor, resulting in the proteo-
lytic cleavage of an intracellular domain of Notch, NICD.
Then NICD translocates to the nucleus and regulates tran-
scription of various target genes [4–6].
Endocytosis is an integral process for the eﬃcient activation
of Notch receptor signaling and is regulated spatiotemporally
by several distinct mechanisms [7–9]. Recently, many studies
highlighted an essential role of endocytosis in Notch ligand sig-
naling. Post-translational modiﬁcation, especially involving
ubiquitination, plays a critical role in regulating Notch-Delta
activity [10,11]. Drosophila Neuralized was identiﬁed as an
E3 ligase that ubiquitinates and promotes the endocytosis of
the Notch ligand Delta [12–15]. In vertebrate systems, how-
ever, Neuralized is not essential for Notch signaling, suggest-
ing that other E3 ligases may be involved in the signaling
[9,16,17].
We previously identiﬁed a novel component of the Notch
pathway, Mind bomb, from the positional cloning of zebraﬁsh
neurogenic mutants [8] and showed its essential role in Notch
signaling [8,9,17]. Mind bomb encodes a highly conserved and
previously uncharacterized E3 ligase that functions similarly to
Neuralized [8,19]. In the neural plate of mind bomb (mib) mu-
tants, neurons are produced in the proper spatial regions, but
are produced in excessive numbers. Furthermore, the neurons
are expressed contiguously, rather than in a septate manner,
separated by intervening non-neuronal cells [18]. This pattern
is similar to that seen in embryos where Delta-Notch signaling
is blocked by the injection of RNA coding for the dominant
negative Delta construct [20,21]. mib mutations also cause de-
fects in a variety of tissues in which Delta-Notch signaling is
thought to play an important role such as somites, pancreas,
intestine, deﬁnitive hematopoietic stem cells, and vascular tis-
sue [22–27].
In this study we attempted to identify proteins that associate
with Mind bomb for Notch signaling, using the yeast two-
hybrid screening method. In this search we isolated one
intriguing candidate, Sorting nexin 5 (Snx5), that localized in
the early endosomal compartment [28,29]. Sorting nexins are
a large family of proteins that contain the phosphoinositide-
binding Phox homology (PX) domain. Recently, the sorting
nexin (Snx) family has emerged as a group of interesting pro-
teins associated with endosomal compartments to regulate the
membrane traﬃcking of plasma membrane proteins ([see re-
views for details [30–33]). The binding of Snx5 with Mind
bomb was conﬁrmed by in vitro coimmunoprecipitation and
subcellular colocalization assays in cultured cells. From theblished by Elsevier B.V. All rights reserved.
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expression pattern of snx5 implicated that Snx5 may be re-
quired for the early development of hematopoietic and endo-
thelial precursor cells in zebraﬁsh. Finally, we performed a
knockdown experiment using morpholino oligonucleotide to
examine the functional role of snx5 in zebraﬁsh hematopoiesis
and blood vessel development.2. Materials and methods
2.1. Yeast two-hybrid screen
Yeast two-hybrid analysis was performed using the Pretransformed
Matchmaker Library (Clontech) human brain cDNA library according
to the manufacturer’s instructions. We used a human cDNA library
because it was commercially available and was better established than
that of zebraﬁsh. For bait construction, the middle region (encoding
the ankyrin repeat domain from amino acids 410–744) of the human
MIB cDNA (GenBank Accession No. AY147849) was ampliﬁed by
PCR. Used primer sequences were 5 0-CAGAATTCGTGGTGGAAG-
GGGTTGGCGCTCGGGT-3 0 as forward primer and 5 0-GATGC-
ATTGCTAATGGCTGATCCTG-3 0 as reverse primer. The PCR
fragment was cloned into the pGEM-T easy vector (Promega) and sub-
cloned into the EcoRI site of pGBT9, respectively. The pretransformed
cDNA library in yeast strain Y187 was screened for MIB-interaction
partners. The eﬀect of baits on cell toxicity and transcriptional activa-
tion was tested in the yeast strain AH109. Another bait construct,
encoding the N-terminal region from amino acids 11–411, was also
tested and exhibited autonomous transcriptional activation on the
host strain. This construct was not used further. In the bait mating
1.44 · 106 colonies were screened. The positive candidate colonies grew
on minimal synthetic dropout medium for yeast (SD)/-Ade-His-Trp-
Leu. All sequences of constructs were conﬁrmed by automatic sequenc-
ing.Fig. 1. Isolation of Snx5 as a novel binding partner of Mind bomb.
(A) Schematic structures of the Mind bomb bait and Snx5 prey
proteins. The bait contains the human Mib ankyrin repeats portion
from amino acids 410–744. The isolated prey corresponds to the BAR
domain of Snx5 from amino acids 199–404. (B) Sequence alignment of
human, mouse and zebraﬁsh Snx5 orthologues. The Phox homology
domain and BAR domain are indicated by the single line and double
line, respectively. Darkly shaded residues are conserved, light-shaded
residues are similar, and hyphen indicates deletions. (C) Unrooted
phylogenetic tree of yeast to human Snx proteins was generated using
the CLUSTALW program with the N–J method. The Snx5/6 and
Snx1/2 subgroups that are present on the separate branches in the tree
are shown in two ellipses.2.2. Isolation of snx5 cDNA and sequence analysis
To isolate zebraﬁsh snx5, we performed RT-PCR with total RNA
isolated from several stages of zebraﬁsh embryos by using speciﬁc
primers based on several ESTs and genomic sequences. Used primer
sequences were 5 0-TGAGGAACGAGCTTGCTGCTGGAA-3 0 as for-
ward primer and 5 0-CAACTGAGGACATCAGTCAGTCCTT-3 0 as
reverse primer for snx5. The ampliﬁed fragment of the full-length zeb-
raﬁsh snx5 cDNA was subcloned into the pGEM-T easy vector and
sequenced by automatic sequencer.
To study the evolutionary relationships between the Snx5 and other
related proteins, deduced amino acid sequences of the genes were
aligned with the ‘‘CLUSTALW’’ protein alignment program with a
parameter of N–J method unrooted, GenomeNet Computation Service
(http://align.genome.jp/). Protein sequence data reported are available
in the NCBI database under accession numbers Q92331 (yeast Vps5p),
NP609199 (Drosophila Snx5/6), NP608777 (Drosophila Snx1/2),
DQ377334 (zebraﬁsh Snx5), DQ486138 (zebraﬁsh Snx6), XP684658
(zebraﬁsh Snx1), AAI09442 (zebraﬁsh Snx2), NP077187 (mouse
Snx5), NP081274 (mouse Snx6), NP062701 (mouse Snx1), NP080662
(mouse Snx2), NP689413 (human SNX5), NP689419 (human SNX6),
NP003090 (human SNX1), and NP003091 (human SNX2).
2.3. Transient transfection
Human embryonic kidney (HEK)293 cells and COS7 cells were cul-
tured in Dulbecco’s modiﬁed Eagle’s medium containing 10% heat-
inactivated fetal bovine serum and antibiotics. The cDNA coding for
zebraﬁsh Snx5 was subcloned into pCS2 + MT via EcoRI and XhoI.
pCS2 + Myc-Snx5 (or HA-Snx 5) was cotransfected with pcDNA-
mouse HA-Mib1, HA-Mib2, or XDelta1-myc into the cultured cells.
Cells were transfected with appropriate amounts of plasmid DNA
using Lipofectamine Plus (Invitrogen). Cells were harvested 24–48 h
after transfection in 1 ml of lysis buﬀer (10 mM Tris (pH 7.5),
150 mM NaCl, 5 mM EDTA) containing protease inhibitors (Roche).
The lysates were sonicated several times, and the insoluble debris was
removed by centrifugation. Aliquots of the supernatants, containing
15–40 lg of protein, were separated on a polyacrylamide gel and trans-
ferred to a polyvinylidene diﬂuoride membrane. The membrane wasblotted with the primary antibody of interest and a secondary anti-
body. To detect the immunoreactive bands, ECL plus was used (Amer-
sham Biosciences).
2.4. Coimmunoprecipitation and Western blotting
HEK293 cells were transfected with 4 lg of plasmid DNA per 10-cm
plate, harvested after 24–48 h, and resuspended in IP buﬀer (50 mM
HEPES/NaOH (pH 7.5), 3 mM EDTA, 3 mM CaCl2, 80 mM NaCl,
1% Triton X-100, 5 mM dithiothreitol). After the cells were lysed, the
extracts were centrifuged to remove the debris. The supernatants were
cleared using protein A/G Plus-agarose at 4 C for 1 h. The indicated
proteins were immunoprecipitated by the addition of protein A/G
beads pre-complexed with an anti-HA antibody (Santa Cruz Biotech-
nology) or anti-Myc (9E10, Santa Cruz Biotechnology) antibody at
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were washed with IP buﬀer and boiled in 2 · SDS gel loading buﬀer,
and the eluted proteins were electrophoresed on a polyacrylamide gel.
Immunoreactive proteins were analyzed by immunoblotting with an
anti-Myc antibody followed by either a goat anti-mouse horseradish
peroxidase-conjugated antibody (Promega) or an anti-HA horseradish
peroxidase-conjugated antibody (Santa Cruz Biotechnology).
2.5. Immunocytochemistry
HEK293 cells and COS7 cells were transfected with various plasmids.
At 24 h post-transfection, the cells were washed in phosphate-buﬀered
saline and ﬁxed in 4% paraformaldehyde with 3% sucrose for 30 min at
4 C. The ﬁxed cells were incubated in blocking solution (3% skim milk
and 0.1% Triton X-100 in PBS) overnight at 4 C, and then stained with
appropriate primary antibody in 3% skim milk in PBS for 1 h at room
temperature. Subsequently, the cells were incubated with an anti-mouse
antibody conjugated with Alexa546 (orange red) and/or Alexa350
(blue) for 30 min at room temperature. For DNA staining, cells were
stained with Hoechst (10 lg/ml) for 2 min. After rinsing with 0.1% Tri-
ton X-100 in PBS, the cells were mounted on glass slides and analyzed
with a Zeiss ﬂuorescent microscope.
2.6. Zebraﬁsh maintenance
Wild-type and mutant zebraﬁsh were obtained from ‘‘Zebraﬁsh
Organogenesis Mutant Bank’’ in Kyungpook National University
(Daegu, Korea). The ﬂk1:EGFP transgenic ﬁsh [34] (kindly provided
by Tao P. Zhong) was used in morpholino experiments. The cloche
mutant, which produces embryos with profound defects in both hema-
topoietic and endothelial lineages [35], was used to characterize the ori-
gin of snx5-expressing cells. Zebraﬁsh were raised and maintained as
described by Westerﬁeld [36]. Embryos were obtained from natural
spawning and staged as previously described [37].
2.7. Whole-mount in situ hybridization and cryostat section
Whole-mount in situ hybridization [38] and two-color in situ hybrid-
ization [39] were performed as previously described with a few modiﬁ-
cations. DIG-labeled antisense RNA probe for snx5 or mib was
synthesized from linearized plasmids by using SP6 RNA polymeraseFig. 2. Snx5 speciﬁcally binds to Mib1 in immunoprecipitation analysis. (A)
top panel shows Co-IP of Myc-Snx5 by HA-Mib1, but not by HA-Mib2. The
and bottom panels are immunoblots showing expression of Myc-Snx5, XDe
HA-Mib constructs by Myc-Snx5. (C) Co-IP of Myc-Snx5 by HA-Mib1 dele
and its deletion constructs. The middle and bottom panels are immunoblots s
(D) A schematic diagram of Mib deletion constructs used in this experimentaccording to the manufacture’s instruction (Ambion). Fluorescein-
labeled riboprobes for gata1 [40] and ﬂk-1 [41] were synthesized as pre-
viously described. Embryos for section were soaked in 30% sucrose
overnight at 4 C to equilibrate and then embedded in 1.5% agarose
and 5% sucrose. Sections (8 lm) were cut using a cryostat microtome.
2.8. snx5 knockdown experiment by morpholino oligonucleotide
An antisense morpholino oligonucleotide was designed to target the
exon 4 splicing donor site of the snx5 gene. The synthetic oligonucleotide
(MO-snx5) sequence was 5 0-CAGAGTTAGACTCACGCCTCAAG-
TT-3 0. The control morpholino sequence was 5 0-CGTGATCTTCAG-
GACATATTTGGCT-3 0. The oligonucleotide was resuspended in
distilled nuclease-free water and 0.5 nl of 0.75 mM oligonucleotides
(3–4 ng/embryo) was microinjected into one- to two-cell-stage zebraﬁsh
embryos. Eﬃcacy of morpholino on the pre-mRNA splicing was
evaluated using RT-PCR with forward primer designed to exon 2
(5 0-GACAAAGTCAAATTTACCGTCCACACCA-3 0) in conjunction
with reverse primer designed to exon 5 (5 0- ACACTTCATGAACCTG-
CACAGTCTTCT-3 0).3. Results and discussion
3.1. Identiﬁcation of Snx5 as a Mind bomb-binding protein by
yeast two-hybrid screen
To identify putative members of Mind bomb-mediated
Notch signaling pathways, we performed yeast two-hybrid
screens using the middle region of Mind bomb as baits
(Fig. 1A). Mind bomb is highly conserved during the evolution
from Drosophila to human [8]. After screening 1.44 · 106 colo-
nies of a cDNA library, several candidate genes were found
using the middle region containing ankyrin repeats. One of
the prey genes was a partial fragment of cDNA encoding the
C-terminal half of SNX5 (amino acids 191–404 containing
the BAR domain) (Fig. 1A).Coimmunoprecipitation (IP) of Myc-Snx5 by HA-Mib constructs. The
Notch ligand Xdelta1-myc was used as a positive control. The middle
lta1-myc and HA-Mib constructs, respectively. (B) Reversal Co-IP of
tion constructs. The top panel shows Co-IP of Myc-Snx5 by HA-Mib1
howing expression of Snx5 and Mib1 deletion constructs, respectively.
. IP, coimmunoprecipitation; IB, immunoblot.
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snx5 ESTs and genomic fragments were identiﬁed. Based on
this information, the zebraﬁsh snx5 was ampliﬁed by RT-
PCR with speciﬁc primers from cDNA library at 24 hours
postfertilization. Zebraﬁsh Snx5 is 399 amino acid residues
long and is highly conserved in vertebrates (Fig. 1B). Snx5 pro-
teins have Phox-homology and BAR (bin/amphiphysin/rvs)
domains (Figs. 1A and B). A phylogenetic tree shows the rela-
tionship of vertebrate, Drosophila, and yeast Snx-like proteins
(Fig. 1C). Snx5 shares a signiﬁcant amino acid identity with
Snx6 (63–66%) and both contain an insert in their PX domains
[30].
3.2. Physical interaction of Snx5 with Mib
We tested for the physical interaction of Snx5 and Mind
bomb by coimmunoprecipitation of proteins expressed in cul-
tured cells. Myc-tagged Snx5 (Myc-Snx5) was cotransfected
with HA-tagged mouse Mib1 (HA-Mib) [9] and Mib2 (HA-
Mib2) [17], respectively, into HEK293 cells. Myc-tagged Xeno-Fig. 3. Intracellular colocalization of Mib1, Snx5 and Notch ligand Delta
encoding Mib1-GFP and Myc-Snx5 (A–C), or Mib1-GFP alone (D–F). Tran
(D–F) antibodies, respectively. (A,D) Mib-GFP (green) was detected in a pu
yellow color in the merged image in (C) indicates the complete colocalization o
nucleus. (E) A similar punctate distribution of EEA1-positive structures, whi
Mib1-GFP (green) signals do not overlap with EEA1-positive structures (r
positive but distinct localization of two proteins. (G–J) Colocalization of M
cells.pus Delta1 (XD-myc) was used as a positive control for a Mib-
binding protein. Previous reports showed that X-Delta1 binds
to Mib2 as well as Mib1 [8,17]. As expected, Myc-Snx5 was
coimmunoprecipitated with HA-Mib1, as was XD-myc. How-
ever, Myc-Snx5 was not coimmunoprecipitated with HA-Mib2
(Figs. 2A and B). This result indicates that Snx5 speciﬁcally
binds to Mib1.
To address the region of Mib1 that interacts with Snx5,
Myc-Snx5 was cotransfected with truncated forms of Mib1,
namely N-terminal, Middle, and C-terminal fragments. The
N-terminal region is comprised of mib/herc2, ZZ and Mib re-
peats; the Middle region includes the ankyrin-repeat domain,
and the C-terminal form includes three RING-ﬁnger domains
of the C-terminus, respectively (Fig. 2D). All of the Mib1
derivatives were immunoprecipitated with an anti-HA anti-
body and immunoblotted with an anti-Myc antibody to detect
the coimmunoprecipitation with Myc-Snx5 (Fig. 2C). The
result indicates that Mib1 interacts with Snx5 through its
N-terminal and middle region.. HEK293 cells were transiently transfected with expression vectors
sfected cells were ﬁxed and stained with anti-Myc (A–C) or anti-EEA1
nctate pattern similar to that seen with Snx5 (B) and EEA1 (E). The
f Mind bomb and Snx5 proteins. Hoechst dye staining (blue) shows the
ch are known to represent an early endosome subdomain. (F) Most of
ed). The inset is a high magniﬁcation of a spot which shows double-
ib–GFP (green), HA-Snx5 (red), and Delta1-myc (blue) in transfected
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To determine whether Snx5 colocalizes with Mib1 in cul-
tured cells, HEK293 cells were cotransfected with expression
vectors encoding both Myc-Snx5 and Mib1-GFP. After 24 h
of transfection, the cells were stained with anti-Myc and then
Alexa546-conjugated secondary antibodies. Mib1-GFP was
detected in a punctate pattern and overlapped with myc-
Snx5 (Figs. 3A–C). This result indicated that Snx5 associates
with Mib1 on vesicular structures. In a previous report, Snx5
was localized to an early endosomal subdomain distinct from
EEA1-positive early endosomes [29]. To further deﬁne the
Mib1-GFP-positive structures, transfected HEK293 cells were
labelled with antibody against the early endosome antigen 1
(EEA1). As shown in Figs. 3D–F, no colocalization of
Mib1-GFP and EEA1 was detected, suggesting that associa-
tion of Snx5 with Mind bomb might be localized in the other
subdomain of early endosomes which is diﬀerent from the
EEA1-positive subdomain. We also observed that Snx5 is
colocalized to the Mib and Delta complex (Figs. 3G–J). In pre-
vious reports, we showed that Mib directly bind to the intracel-
lular domain of Delta and causes internalization of membrane
protein Delta into cytosolic vesicles and perinuclear structures
[8,9]. The identity of these cytosolic vesicles and perinuclear
structures is currently unclear. In Drosophila, however, it is re-
ported that another endosome-associated protein, Hrs/
Vps27p, aﬀects sorting and degradation of Notch receptor asFig. 4. Spatiotemporal expression pattern of snx5 in wild-type and mutant z
expression is ubiquitous along the body axis. (B) As development proceeds, t
indicate the brain region. (C) By the 10-somite stage, snx5 expression is p
mesoderm (arrows). Dorsolateral view at the posterior region. At 20 hpf (D) a
in the trunk and tail. Two-color in situ hybridization with probes, gata1/snx
Transverse sections of the embryo shown in (G), showing a restricted express
red circles), endodermal tissue (blue circle), and notochord (nc) were not stain
snx5-positive tissues. (J) snx5 expression was not changed in mib mutant em
absent in the ventral trunk region, although the brain region was not aﬀectewell as other signaling receptors [42]. Further studies should
be done to verify the possible role of Sorting nexin proteins
in Mind bomb-mediated endocytosis of Notch ligand proteins.
3.4. Zebraﬁsh snx5 expression in hematopoietic and endothelial
precursor cells
Zebraﬁsh and mouse orthologues of mind bomb are ex-
pressed in a variety of tissues [8,9,22,26,27]. To determine
the spatial and temporal expression pattern of snx5, whole-
mount in situ hybridization was performed at various develop-
mental stages. snx5 mRNA was expressed maternally and
found throughout the embryo during blastula and gastrula
stages. At tailbud and early somite stages, expression was also
detected ubiquitously in zebraﬁsh embryos (Figs. 4A and B).
Around the 10-somite stage, however, a tissue-speciﬁc expres-
sion pattern was detected in bilateral rows of cells in the caudal
lateral plate mesoderm (Fig. 4C). This group of cells continued
to express snx5 and converged into the midline to form the
hematopoietic and blood vessel precursor cells (Figs. 4D–H).
The snx5 gene was also expressed in the central nervous system
(Figs. 4B, D and G). To identify the anatomic sites of early
snx5 expression in the zebraﬁsh embryos, we performed
two-color in situ hybridization assays with the hematopoietic
marker gata1 [40] and the endothelial marker ﬂk-1 [41].
snx5-expressing cells in the ventral trunk region included both
gata1-positive hematopoietic cells (Fig. 4E) and ﬂk-1-positiveebraﬁsh embryos. All lateral views except for (C). (A) At 10 hpf, snx5
ranscripts were enriched in the brain primordia. Broken lines in (D,G)
redominantly expressed in speciﬁc group of cells in the lateral plate
nd 22–24 hpf (E–H), snx5-positive cells were restricted to ventral region
5 (E) and ﬂk-1/snx5 (F), to identify the speciﬁc cell populations. (H)
ion of snx5 in the ventromedial cells. Cells in the pronephric duct (pd,
ed. (I) mib was ubiquitously expressed in wild-type embryos, including
bryos. (K) In cloche mutant, however, snx5-positive cells were almost
d.
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snx5-stained embryo at 24 hpf showed a restricted expression
pattern in the ventromedial mesoderm, from which both hema-
topoietic and blood vessel precursor cells arise. (Fig. 4H). snx5
expression was not detected in the neighboring pronephric
duct or endodermal tissues (Fig. 4H). We also examined
whether the expression of mind bomb is colocalized with that
of snx5 in time and space. As we previously reported, mind
bomb was expressed ubiquitously in various tissues, including
the ventral mesoderm (Fig. 4I).
We further examined snx5 expression in the mind bomb (mib)
and cloche (clo) mutant embryos. In mib embryos, we could
not detect any signiﬁcant change in the snx5 expression, sug-
gesting that at least the transcriptional regulation of snx5 gene
expression is not a direct target of the Notch signaling pathway
(Fig. 4J). The zebraﬁsh mutant cloche (clo) displays hemato-
poietic and vascular defects [35]. The clo gene acts at the level
of the putative hemangioblast originated from mesodermal tis-
sue that gives rise to both blood and blood vessel progenitors
[41,43,44]. In cloche mutants, snx5 expression and/or snx5-Fig. 5. Mopholino-based knockdown of snx5 and blood vessel defects. (A) G
(Ex4:Int4) for splicing variation. Primers (small arrows) were designed for the
eﬃcacy by RT-PCR. In morphant embryo, the wild-type snx5 mRNA was u
(C) Identiﬁcation of a premature stop codon in the morphant mRNA, which
snx5 morpholino-injected embryos. The ﬂk1:EGFP transgenic zebraﬁsh embr
their vessel formation was examined at a cellular level in living embryos at 56
ﬂuorescent microscope. Regular formation of intersegmental vessels (arrow) b
embryos (F), but severe vascular defects were detected in snx5 MO-injecte
embryos with gata1 at 25 hpf. A signiﬁcant reduction of gata1-positive cells w
cell mass (arrow).expressing cells were completely absent in ventral mesoderm
(Fig. 4K), but expression was retained in other tissues, such
as brain. This result suggests that snx5 expression is directly
or indirectly involved in the development of hematopoietic
and blood vessel precursor cells.
3.5. Snx5 knockdown and defects in blood vessel development
To examine the functional role of snx5 in zebraﬁsh devel-
opment, we performed gene knockdown experiments using
morpholino antisense oligonucleotides. A morpholino oligo-
nucleotide was designed to target the exon 4 splice donor
site to interfere with pre-mRNA splicing, resulting in intron
retention and hence premature translation termination (Figs.
5A–C). We veriﬁed the MO eﬃcacy by RT-PCR and found
a product of 410 bp in morphant embryos, compared to
300 bp in control embryos (Fig. 5B). The eﬀect of the mor-
pholino was stable for more than 73 h in MO-injected em-
bryos. We also conﬁrmed the retention of intron 4 in the
morphant embryos by direct sequencing of wild-type and
morphant mRNA (Fig. 5C). Conceptual translation of theenomic structure of snx5. Arrowhead indicates morpholino target site
test of morpholino eﬃcacy. (B) Test and quantiﬁcation of morpholino
ndetectable by RT-PCR at 24 h and the eﬀect was maintained at 73 h.
encodes a truncated form of Snx protein. (D–I) Blood vessel defects in
yos were microinjected with MO-control (D,F) or MO-snx5 (E,G), and
h. (F,G) Higher magniﬁcation of the boxed region in D and E under the
y the GFP-positive endothelial cells was shown in control MO-injected
d embryos (G). (H,I) Whole-mount in situ hybridization of injected
as detected in snx5MO-injected embryos, especially in the intermediate
K.-W. Yoo et al. / FEBS Letters 580 (2006) 4409–4416 4415transcripts generates a premature stop codon just after the
exon-intron junction, resulting in a truncated form of Snx5
protein (Fig. 5C).
After microinjection of MO-snx5 into zebraﬁsh embryos,
we examined the circulating blood cells and blood vessel for-
mation. We observed a reduction in blood circulation in
78.6% of snx5 MO-injected embryos (n = 42), in comparison
with control MO-injected embryos (10%, n = 20). These em-
bryos exhibited defects in blood vessel formation, were lar-
gely poor in axial vasculature, and showed an abnormal
sprouting and meagerness of intersegmental vessels (Figs.
5F and G). Previously, we reported that mib mutant embryos
have defects in blood circulation, and demonstrated a role of
Notch signaling in blood vessel patterning [27]. In addition,
most recently, similar vascular defects were also observed in
zebraﬁsh beamter/deltaC mutant and DeltaC morphant em-
bryos [45]. These results suggest that Notch components,
including Mib and Notch ligand DeltaC, have important
roles in zebraﬁsh blood vessel development. We also observed
a signiﬁcant reduction in the number of gata1-expressing
hematopoietic cells in morphant embryos (Figs. 5H and I).
The exact role of Snx5 in embryonic hematopoietic cell devel-
opment is currently unclear. However, recently, it was re-
ported that mib mutant fails to specify adult hematopoietic
stem cells (HSC). They suggested that the Notch-Runx path-
way is critical for the speciﬁcation of HSC fate and the sub-
sequent homeostasis of HSC number [26]. Snx5 was also
identiﬁed as a gene diﬀerentially expressed between hemato-
poietic stem cells and committed progenitor cells [46]. In
human, interestingly, Snx5 has been reported to bind the
Fanconi anemia complementation group A protein (FANCA)
[47]. Fanconi anemia (FA) is an autosomal-recessive genetic
syndrome that is characterized by progressive bone-marrow
failure, several developmental abnormalities and a predisposi-
tion to malignancy [48]. Together with these reports, our
observations imply that Snx5 may have an important role
in hematopoiesis and blood vessel developments.
Mind bomb plays a central part in the development and
maintenance of a variety of tissues in vertebrates through
Notch signaling. However, the mechanism of how the signal
is promoted in association with endocytosis is largely un-
known. Here, we have identiﬁed the early endosomal protein
Snx5 as a Mind bomb-binding partner. The mechanisms by
which Snx5 associate with Mind bomb in the endocytic path-
way and participate in Notch signaling would be an important
area of investigation in the future.
Acknowledgements: We thank Drs. Ajay B. Chitnis, Kweon Yu and
Yong I. Cha for critical reading of the manuscript. This work was sup-
ported by the Neurobiology Research Program from the Korea
Ministry of Science and Technology (2004-01715) and the Vascular
System Research Center from KOSEF.References
[1] Artavanis-Tsakonas, S., Rand, M.D. and Lake, R.J. (1999) Notch
signaling: cell fate control and signal integration in development.
Science 294, 770–776.
[2] Wilson, A. and Radtke, F. (2006) Multiple functions of Notch
signaling in self-renewing organs and cancer. FEBS Lett. 580,
2860–2868.
[3] Radtke, F. and Raj, K. (2003) The role of Notch in tumorigenesis:
oncogene or tumour suppressor?. Nat. Rev. Cancer 3 756–767.[4] Selkoe, D. and Kopan, R. (2003) Notch and Presenilin: regulated
intramembrane proteolysis links development and degeneration.
Annu. Rev. Neurosci. 26, 565–597.
[5] Lewis, J. (1998) Notch signaling and the control of cell fate
choices in vertebrates. Semin. Cell Dev. Biol. 9, 583–589.
[6] Chitnis, A.B. (2006) Why is Delta endocytosis required for
eﬀective activation of Notch? Dev. Dyn. 235, 886–894.
[7] Schweisguth, F. (2004) Regulation of Notch signaling activity.
Curr. Biol. 14, R129–R138.
[8] Itoh, M., Kim, C.H., Palardy, G., Oda, T., Jiang, Y.J., Maust, D.,
Yeo, S.Y., Lorick, K., Wright, G.J., Ariza-McNaughton, L.,
Weissman, A.M., Lewis, J., Chandrasekharappa, S.C. and Chit-
nis, A.B. (2003) Mind bomb is a ubiquitin ligase that is essential
for eﬃcient activation of Notch signaling by Delta. Dev. Cell 4,
67–82.
[9] Koo, B.K., Lim, H.S., Song, R., Yoon, M.J., Moon, J.S., Kim,
Y.W., Kwon, M.C., Yoo, K.W., Kong, M.P., Lee, J., Chitnis,
A.B., Kim, C.H. and Kong, Y.Y. (2005) Mind bomb 1 is essential
for generating functional Notch ligands to activate Notch.
Development 132, 3459–3470.
[10] Lai, E.C. (2002) Protein degradation: four E3s for the Notch
pathway. Curr. Biol. 12, R74–R78.
[11] Le Borgne, R., Bardin, A. and Schweisguth, F. (2005) The roles of
receptor and ligand endocytosis in regulating Notch signaling.
Development 132, 1751–1762.
[12] Deblandre, G.A., Lai, E.C. and Kintner, C. (2001) Xenopus
neuralized is a ubiquitin ligase that interacts with XDelta1 and
regulates Notch signaling. Dev. Cell 1, 795–806.
[13] Lai, E.C., Deblandre, G.A., Kintner, C. and Rubin, G.M. (2001)
Drosophila neuralized is a ubiquitin ligase that promotes the
internalization and degradation of Delta. Dev. Cell 1, 783–794.
[14] Pavlopoulos, E., Pitsouli, C., Klueg, K.M., Muskavitch, M.A.,
Moschonas, N.K. and Delidakis, C. (2001) Neuralized encodes a
peripheral membrane protein involved in delta signaling and
endocytosis. Dev. Cell 1, 807–816.
[15] Yeh, E., Dermer, M., Commisso, C., Zhou, L., McGlade, C.J.
and Boulianne, G.L. (2001) Neuralized functions as an E3
ubiquitin ligase during Drosophila development. Curr. Biol. 11,
1675–1679.
[16] Vollrath, B., Pudney, J., Asa, S., Leder, P. and Fitzgerald, K.
(2001) Isolation of a murine homologue of the Drosophila
neuralized gene, a gene required for axonemal integrity in
spermatozoa and terminal maturation of the mammary gland.
Mol. Cell Biol. 21, 7481–7494.
[17] Koo, B.K., Yoon, K.J., Yoo, K.W., Lim, H.S., Song, R., So, J.H.,
Kim, C.H. and Kong, Y.Y. (2005) Mind bomb-2 is an E3 ligase
for Notch ligand. J. Biol. Chem. 280, 22335–22342.
[18] Jiang, Y.J., Brand, M., Heisenberg, C.P., Beuchle, D., Furutani-
Seiki, M., Kelsh, R.N., Warga, R.M., Granato, M., Haﬀter, P.,
Hammerschmidt, M., Kane, D.A., Mullins, M.C., Odenthal, J.,
van Eeden, F.J. and Nusslein-Volhard, C. (1996) Mutations
aﬀecting neurogenesis and brain morphology in the zebraﬁsh,
Danio rerio. Development 123, 205–216.
[19] Chen, W. and Casey Corliss, D. (2004) Three modules of zebraﬁsh
Mind bomb work cooperatively to promote Delta ubiquitination
and endocytosis. Dev. Biol. 267, 361–373.
[20] Appel, B. and Eisen, J.S. (1998) Regulation of neuronal speciﬁ-
cation in the zebraﬁsh spinal cord by Delta function. Develop-
ment 125, 371–380.
[21] Haddon, C., Smithers, L., Schneider-Maunoury, S., Coche, T.,
Henrique, D. and Lewis, J. (1998) Multiple delta genes and lateral
inhibition in zebraﬁsh primary neurogenesis. Development 125,
359–370.
[22] Haddon, C., Jiang, Y.J., Smithers, L. and Lewis, J. (1998) Delta-
Notch signaling and the patterning of sensory cell diﬀerentiation
in the zebraﬁsh ear: evidence from the mind bomb mutant.
Development 125, 4637–4644.
[23] Jiang, Y.J., Aerne, B.L., Smithers, L., Haddon, C., Ish-Horowicz,
D. and Lewis, J. (2000) Notch signaling and the synchronization
of the somite segmentation clock. Nature 408, 475–479.
[24] Esni, F., Ghosh, B., Biankin, A.V., Lin, J.W., Albert, M.A., Yu,
X., MacDonald, R.J., Civin, C.I., Real, F.X., Pack, M.A., Ball,
D.W. and Leach, S.D. (2004) Notch inhibits Ptf1 function and
acinar cell diﬀerentiation in developing mouse and zebraﬁsh
pancreas. Development 131, 4213–4224.
4416 K.-W. Yoo et al. / FEBS Letters 580 (2006) 4409–4416[25] Crosnier, C., Vargesson, N., Gschmeissner, S., Ariza-McNaugh-
ton, L., Morrison, A. and Lewis, J. (2005) Delta-Notch signalling
controls commitment to a secretory fate in the zebraﬁsh intestine.
Development. 132, 1093–1104.
[26] Burns, C.E., Traver, D., Mayhall, E., Shepard, J.L. and Zon, L.I.
(2005) Hematopoietic stem cell fate is established by the Notch-
Runx pathway. Genes Dev. 19, 2331–2342.
[27] Lawson, N.D., Scheer, N., Pham, V.N., Kim, C.H., Chitnis, A.B.,
Campos-Ortega, J.A. and Weinstein, B.M. (2001) Notch signaling
is required for arterial–venous diﬀerentiation during embryonic
vascular development. Development 128, 3675–3683.
[28] Teasdale, R.D., Loci, D., Houghton, F., Karlsson, L. and
Gleeson, P.A. (2001) A large family of endosome-localized
proteins related to sorting nexin 1. Biochem. J. 358, 7–16.
[29] Merino-Trigo, A., Kerr, M.C., Houghton, F., Lindberg, A.,
Mitchell, C., Teasdale, R.D. and Gleeson, P.A. (2004) Sorting
nexin 5 is localized to a subdomain of the early endosomes and is
recruited to the plasma membrane following EGF stimulation. J.
Cell Sci. 117, 6413–6424.
[30] Worby, C.A. and Dixon, J.E. (2002) Sorting out the cellular
functions of sorting nexins. Nat. Rev. Mol. Cell Biol. 3, 919–931.
[31] Pelham, H.R. (2002) Insights from yeast endosomes. Curr. Opin.
Cell Biol. 14, 454–462.
[32] Habermann, B. (2004) The Bar-domain family of proteins: a case
of bending and binding? EMBO Rep. 5, 250–255.
[33] Carlton, J.G. and Cullen, P.J. (2005) Sorting nexins. Curr. Biol.
15, R819–R820.
[34] Jin, S.W., Beis, D., Mitchell, T., Chen, J.N. and Stainier,
D.Y.R. (2005) Cellular and molecular analyses of vascular tube
and lumen formation in zebraﬁsh. Development 132, 5199–
5209.
[35] Stainier, D.Y., Weinstein, B.M., Detrich 3rd., H.W., Zon, L.I.
and Fishman, M.C. (1995) Cloche, an early acting zebraﬁsh gene,
is required by both the endothelial and hematopoietic lineages.
Development 121, 3141–3150.
[36] Westerﬁeld, M. (2000) The zebraﬁsh book. A guide for the
laboratory use of zebraﬁsh (Danio rerio), 4th ed, University of
Oregon Press, Eugene, OR.
[37] Kimmel, C.B., Ballard, W.W., Kimmel, S.R., Ullmann, B. and
Schilling, T.F. (1995) Stages of embryonic development of the
zebraﬁsh. Dev. Dyn. 203, 253–310.
[38] Thisse, C., Thisse, B., Schilling, T.F. and Postlethwait, J.H. (1993)
Structure of the zebraﬁsh snail1 gene and its expression in wild-type, spadetail and no tail mutant embryos. Development 119,
1203–1215.
[39] Hauptmann, G. and Gerster, T. (1994) Two-color whole-mount
in situ hybridization to vertebrate and Drosophila embryos.
Trends Genet. 10, 266.
[40] Detrich 3rd., H.W., Kieran, M.W., Chan, F.Y., Barone, L.M.,
Yee, K., Rundstadler, J.A., Pratt, S., Ransom, D. and Zon, L.I.
(1995) Intraembryonic hematopoietic cell migration during ver-
tebrate development. Proc. Natl. Acad. Sci. USA 92, 10713–
10717.
[41] Liao, W., Bisgrove, B.W., Sawyer, H., Hug, B., Bell, B., Peters,
K., Grunwald, D.J. and Stainier, D.Y. (1997) The zebraﬁsh gene
cloche acts upstream of a ﬂk-1 homologue to regulate endothelial
cell diﬀerentiation. Development 124, 381–389.
[42] Jekely, G. and Rorth, P. (2003) Hrs mediates downregulation of
multiple signaling receptors in Drosophila. EMBO Rep. 4, 1163–
1168.
[43] Thompson, M.A., Ransom, D.G., Pratt, S.J., MacLennan, H.,
Kieran, M.W., Detrich 3rd., H.W., Vail, B., Huber, T.L., Paw, B.,
Brownlie, A.J., Oates, A.C., Fritz, A., Gates, M.A., Amores, A.,
Bahary, N., Talbot, W.S., Her, H., Beier, D.R., Postlethwait, J.H.
and Zon, L.I. (1998) The cloche and spadetail genes diﬀerentially
aﬀect hematopoiesis and vasculogenesis. Dev. Biol. 197, 248–269.
[44] Brown, L.A., Rodaway, A.R., Schilling, T.F., Jowett, T., Ingham,
P.W., Patient, R.K. and Sharrocks, A.D. (2000) Insights into
early vasculogenesis revealed by expression of the ETS-domain
transcription factor Fli-1 in wild-type and mutant zebraﬁsh
embryos. Mech. Dev. 90, 237–252.
[45] Shaw, K.M., Castranova, D.A., Pham, V.N., Kamei, M., Kidd,
K.R., Lo, B.D., Torres-Vasquez, J., Ruby, A. and Weinstein,
B.M. (2006) Fused-somites-like mutants exhibit defects in trunk
vessel patterning. Dev. Dyn. 235, 1753–1760.
[46] Eckfeldt, C.E., Mendenhall, E.M., Flynn, C.M., Wang, T.F.,
Pickart, M.A., Grindle, S.M., Ekker, S.C. and Verfaillie, C.M.
(2005) Functional analysis of human hematopoietic stem cell gene
expression using zebraﬁsh. PLoS Biol. 3, e254.
[47] Otsuki, T., Kajigaya, S., Ozawa, K. and Liu, J.M. (1999) SNX5, a
new member of the sorting nexin family, binds to the Fanconi
anemia complementation group A protein. Biochem. Biophys.
Res. Commun. 265, 630–635.
[48] Liu, J.M., Buchwald, M., Walsh, C.E. and Young, N.S. (1994)
Fanconi anemia and novel strategies for therapy. Blood 84, 3995–
4007.
